We measured the level of heavy metal accumulation in lake sediments, herbivorous (Oreochromis niloticus) and carnivorous (Serranochromis thumbergi) fish, and crayfish (Cherax quadricarinatus) from Lake Itezhi-tezhi (ITT) and Lake Kariba. We used atomic absorption spectrophotometry (AAS) to quantify the levels of 7 heavy metals (Cr, Co, Cu, Zn, Cd, Pb, and Ni). The sediment and the herbivorous fish O. niloticus accumulated a very high concentration of Cu in Lake ITT, most likely due to the discharge of Cu waste from a mining area 450 km upstream. The aquatic species we sampled in Lake Kariba had higher concentrations of Cr, Ni, and Pb relative to those in Lake ITT. This is most likely due to anthropogenic activities, such as the use of leaded petrol and anti-fouling agents in marine paints. Interestingly, we observed a negative correlation between the coefficient of condition .
4 1998). The Zambia Consolidated Copper Mines Limited (ZCCM, 1982) also documented Cu poisoning in cattle caused by drinking water from the Kafue River. In Lake Kariba, there has been a dramatic increase in commercial fishing during the last few decades (Madamombe 2002 ). The commercial fleet relies heavily on leaded gasoline and is also a large consumer of anti-fouling marine paints which contain heavy metals (Diagomanolin et al. 2004 , Muohi et al. 2003 . Given these factors, there is increased risk to both the human population and wildlife from consuming fish from contaminated waterways.
Our objective was to measure the level of heavy metal accumulation in lake sediments, fish, and crayfish that were collected from Lake ITT and Lake Kariba. We used this data to evaluate spatial and species differences in heavy metal accumulation in the aquatic systems of Zambia. Lake sediments are often sampled to assess the level of environmental pollution (Ikenaka et al. 2005a) . In polluted aquatic systems sediments are increasingly recognized as the most important sink for contaminants and a future source of pollutants (Ikenaka et al. 2005b ). We sampled both herbivorous (Oreochromis niloticus: Nile tilapia) and carnivorous (Serranochromis thumbergi: Brownspot largemouth) fish species. Both species are relatively common and are widely distributed throughout Africa (Schwanck 1995) . Furthermore, a number of researchers have already measured heavy metal accumulation in O. niloticus in other systems (Birungi et al. 2007 , Coğun et al. 2003 . We also measured heavy metal levels in Cherax quadricarinatus (Australian red claw crayfish), which is an alien species, but is widely distributed in Zambia. Crayfish live in contact with the sediment where metals accumulate and are known to concentrate trace metals in their body tissues (Anderson et al. 1978 , Rincon-Leon et al. 1988 . Thus, crayfish are an ideal biological indicator of heavy metal pollution in the aquatic environment. This is the first report to show heavy metal accumulation in the aquatic life of Zambia.
Materials and Methods

Study area
The study was conducted in Lake ITT and Lake Kariba (Fig. 1) . Lake ITT is located in the Kafue River basin, and Lake Kariba is located in the Zambezi River basin. Lake ITT is an artificial lake (length: 50 km, mean depth: 15 m, surface area: ~370 km 2 ) which has flooded part of the Kafue National Park. Lake Kariba is another large, artificial lake located on the Zambezi River. Lake Kariba is 320 km long, has a surface area of almost 5,400 km 2 , and a mean depth of 31 m.
Sampling
We collected samples of lake sediment, fish, and crayfish during the dry season from July 2008 to September 2008. The lake sediment samples were collected from a number of sites in Lake Itezhi-tezhi (ITT) (n=9) and Lake Kariba (n=12) (Fig. 1) . Surface sediment samples were collected using an Ekman grab. Each sediment sample was air-dried in the laboratory at room temperature and passed through a 2 mm sieve prior to extraction. The dry weight of each sample was measured after 12 h of drying in an oven at 105°C.
We collected the fish and crayfish samples from the sites identified above. In Lake ITT, we collected O. niloticus (n=18), C. quadricarinatus (n=19), and S. thumbergi (n=6). S.
thumbergi is not found in Lake Kariba (Skelton 1993) , therefore, we only collected O.
niloticus (n=16) and C. quadricarinatus (n=10) from this lake. We measured the body length and weight of each individual in the field. We also removed samples of liver (or hepatopancreas) and muscle tissue from each animal. The samples were stored separately at -20°C for heavy metal analysis or water content measurement. For measurement of water content, the tissue samples were dried in an oven at 105°C for 24 h. The extraction and analysis methods are outlined in the following sections.
Extraction and analysis of heavy metals
The sediment samples were extracted using a method modified from Charlesworth and Lees (1999) . Briefly, 1 g of each sample was placed into a 200 ml flask. We then added 0.2 ml sulfuric acid (poisonous metal analysis grade, Kanto Chemical Corp., Tokyo, Japan), 1 ml nitric acid (atomic absorption spectrometry grade, 60%, Kanto Chemical Corp.), and 5 ml perchloric acid (atomic absorption spectrometry grade, 60%, Kanto Chemical Corp.). The mixture was heated at 180°C for 3 h on a hotplate. After the mixture cooled, we added 1 g ammonium chloride (Wako Pure Chemical Industries Ltd., Osaka, Japan) and 20 ml 0.5 N HCl (special grade, 36%, Wako). The samples were then reheated at 180°C for 1 h and evaporated to a volume of ~10 ml. After the samples cooled, they were filtered into plastic bottles through ash-less filter paper 5B (Advantec, Tokyo, Japan). We then added 1 ml lanthanum chloride (atomic absorption spectrometry grade, 100g-La/L solution, Wako). The sample volume was standardized to 100 ml using 2% HNO 3. A reagent blank was produced following the same process.
The liver and muscle samples were extracted by digestion using a method modified from Seymore et al. (1996) . Briefly, 1 g of fresh tissue was placed into a 200 ml flask. We then added 20 ml nitric acid and 5 ml perchloric acid. The samples were heated for 12 h at 225°C (increased gradually) on a hotplate and evaporated to ~5 ml. When the samples formed a clear liquid, we added 0.2 ml lanthanum chloride (100 g La/L solution). The volume was then made up to 20 ml with 2% HNO 3 . A reagent blank was produced using the same procedure.
We measured the concentrations of 7 elements (Cr, Co, Cu, Zn, Cd, Pb, and Ni) in the lake sediment, and fish and crayfish tissues using an atomic absorption spectrophotometer (AAS) AAnalyst 800 (Perkin Elmer Instruments, USA) with an acetylene flame (Cu and Zn)
or an argon non-flame (Cr, Co, Cd, Pb and Ni), after preparation of the calibration standard.
The overall recovery rates (Mean±S.D.) for Cr, Co, Cu, Zn, Cd, Pb, and Ni were 91 ± 3.0, 92 ± 3.4, 89 ± 5.6, 91 ± 2.3, 111 ± 8.3, 90 ± 3.5, and 92 ± 4.2%, respectively. The detection limit for Cr, Co, Cu, Zn, Cd, Pb, and Ni was 0.5, 0.5, 1.0, 0.1, 0.2, 1.0, and 0.5 μg/kg, respectively.
Each heavy metal concentration was converted from mg/kg wet-weight to mg/kg dry-wt using the water content of each tissue. The total contaminant load was calculated by summing the 7 heavy metal concentrations (∑ 7 ). We compared these levels to the recommended dietary intake levels published by the World Health Organization (Demirzen and Uruc 2006, WHO 1993 ).
Coefficient of condition (K)
The coefficient of condition (K) in fish and crayfish was calculated for each sample using the formula K=W×10 5 /L 3 , where, K=coefficient of condition, W=weight in grams, and
L=body length in millimeters (Choongo et al. 2005 ).
Biota-sediment accumulation factor (BSAF)
The biota-sediment accumulation factor (BSAF) is the ratio between the metal concentration in the liver (hepatopancreas) and that in the sediment (Abdallah and Abdallah 2008 ). The formula is: BSAF=Ct/Cs, where Ct=heavy metal concentration in the organism 8 and Cs=heavy metal concentration in sediment.
Statistics
We analyzed for differences among the groups using a Mann-Whitney U test or a Tukey test after each datum was normalized by transforming to a base 10 logarithm. Statistical analyses were performed using JMP 7.0.1 (SAS Institute, Cary, NC, USA).
Results
Concentration of heavy metals in lake sediments
There was no significant difference between ∑ 7 heavy metal concentrations in Lake ITT and Lake Kariba (Table 1) . However, the concentrations of Cu in Lake ITT (Cu: 82 ± 35 mg/kg dry-wt) were significantly higher than in Lake Kariba (Cu: 30 ± 17 mg/kg dry-wt) (Table 1 , U test, p < 0.05).
Coefficient of condition (K)
The coefficient of condition (K) in O. niloticus was 3.2 ± 0.4 (Mean±S.D) (Lake ITT) and 3.2 ± 0.9 (Lake Kariba) ( Table 2 ). The coefficient of condition (K) in C. quadricarinatus was 2.2 ± 0.3 (Lake ITT) and 2.4±0.4 (Lake Kariba). The coefficient of condition (K) in S.
thumbergi was 2.5 ± 0.3. There was no significant difference in K among individuals of the same species between the two lakes.
Comparisons of heavy metal concentrations in fish (O. niloticus) liver and muscle between
Lake ITT and Lake Kariba
The liver of O. niloticus from Lake ITT had a significantly higher concentration of Cu (1345 ± 930 mg/kg dry-wt) than in Lake Kariba (587 ± 320 mg/kg dry-wt) (Table 2, Figure 2 ) (U test, * p < 0.05). Conversely, the concentrations of Co, Zn, Cd and Pb were significantly higher in the fish from Lake Kariba than from Lake ITT (Table 2, Figure 2 ) (U test, * p <
0.05).
O. niloticus muscle had significantly higher levels of Cu in Lake ITT than in Lake Kariba (U test, * p < 0.05). In contrast, the concentrations of Cr and Ni were higher in the muscle of O. niloticus from Lake Kariba than in Lake ITT (Table 2, Figure 2 ) (U test, * p < 0.05).
Comparisons of heavy metal concentrations in crayfish (C. quadricarinatus) hepatopancreas and muscle between Lake ITT and Lake Kariba
There was no significant difference in the concentration of Cu in the hepatopancreas of crayfish (C. quadricarinatus) caught in Lake ITT and Lake Kariba. However, the concentration of Cd was significantly higher in the hepatopancreas of individuals collected in Lake ITT than in Lake Kariba (Table 2, Figure 3 ) (U test, * p < 0.05). The concentrations of Ni, Pb, and Co in Lake Kariba were significantly higher than in Lake ITT (Table 2, Figure 3) (U test, * p < 0.05). The muscle tissue of C. quadricarinatus from Lake Kariba contained significantly higher levels of Cr, Ni, Pb, Zn, and Cd than in the animals from Lake ITT ( Table   2 , Figure 3 ) (U test, * p < 0.05).
Comparison of heavy metal concentration in liver and hepatopancreas of the three species
The liver of O. niloticus contained the highest concentrations of Cu (1345 ± 930 mg/kg dry-wt), followed by the hepatopancreas of C. quadricarinatus (279 ± 169 mg/kg dry-wt), and the liver of S. thumbergi (48 ± 43 mg/kg dry-wt) (Tukey test, p < 0.05) (Figure 4 ). Figure 4 ). There was no difference in Pb accumulation among the three species.
Biota-sediment accumulation factor (BSAF)
The biota-sediment accumulation factor (BSAF) was significantly higher for Cu, Zn, and Cd relative to Cr, Co, Pb, and Ni for both O. niloticus and C. quadricarinatus. Among these two species, the BSAF values for Cr and Cu were significantly higher for O. niloticus (U test, p < 0.05). In contrast, the values for Zn and Ni were significantly higher in C.
quadricarinatus (U test, p < 0.05). Among the two lakes, the BSAF values for Co, Ni, and Pb were significantly higher in O. niloticus in Lake Kariba. There was no significant difference in the BSAF value for Cu among the two lakes. The BSAF values for Cu, Ni, and Pb were significantly higher in C. quadricarinatus from Lake Kariba relative to those from Lake ITT.
The inverse was true for Cd.
Correlation coefficient (R 2 ) for the heavy metals in fish and crayfish
We observed a positive correlation between Cu-Zn, Cu-Cd, Co-Zn, and Zn-Cd in the liver of O. niloticus from Lake ITT (Table 4) . Similarly, there was a positive correlation between Cr-Ni, Cr-Pb, and Zn-Co in the liver of O. niloticus from Lake Kariba. There was also a positive correlation between Cu and Zn in the muscle of O. niloticus from Lake ITT and Cr and Ni in Lake Kariba. In the hepatopancreas of C. quadricarinatus, we observed a positive correlation between Cu-Zn, Cu-Cd, and Zn-Cd in the animals from Lake ITT, and between Cu-Zn, Cu-Cd, Cu-Co, and Zn-Co in the animals from Lake Kariba. The concentration of Ni in the hepatopancreas of C. quadricarinatus was negatively correlated with the coefficient of condition (K) in those crayfish sampled from Lake ITT. However, there was no such correlation in S. thumbergi.
Discussion
Spatial variation in heavy metal concentrations in lake sediments
We found high concentrations of Cu in Lake ITT sediments suggesting that the Cu waste discharged into the Kafue River was transported to the lake, more than 450 km downstream from the Copperbelt region. Pettersson and Ingri (2001) also noted that dissolved Cu concentrations in the Kafue River, 100 km downstream from the mining areas in the Copperbelt, remained elevated (143 ± 61 μg/L) compared with the background concentrations (2.54 ± 3.81 μg/L).
The pattern of heavy metal contaminant accumulation in Lake Kariba sediments was somewhat different than in Lake ITT, particularly for Cr and Ni. Berg et al. (1995) measured much lower levels of Cr (average: 15.8 ± 3.8 mg/kg dry-wt) and Ni (23.2 ± 2.9 mg/kg dry-wt) in sediments collected from Lake Kariba (Kassesse Bay, in 1990 and 1991) than in our study (64 ± 36 and 53 ± 32 mg/kg dry-wt, respectively). Taken together, these data suggest that the concentrations of heavy metals in Lake Kariba have increased significantly during the past 18 years.
Tissue differences in heavy metal accumulation in fish and crayfish
The liver or hepatopancreas is the primary of site for storage and detoxification of heavy metals (Bagatto and Alikhan 1987) . The liver of O. niloticus and the crayfish hepatopancreas contained higher concentrations of heavy metals (except Cr) relative to the muscle tissue (Table 2 , Figures 2 and 3 ). In addition, the concentrations of several of these metals were positively correlated in both the livers and the hepatopancreas (Table 4) . We hypothesize that the correlation among the metals is a function of their capacity to induce metal-binding proteins (e.g. metallothionein). Cu, Zn, and Cd bind readily to metallothionein (Klaassen et al. 1999) . Thus, it is more likely that these metals would be positively correlated in the tissues.
Spatial variation in the accumulation of heavy metals in fish and crayfish
We found very high concentrations of Cu in the liver of O. niloticus from Lake ITT compared with those in Lake Kariba (Table 2, Figure 2 ). Shaw and Handy (2006) experimentally exposed O. niloticus to Cu (2000 mg Cu/kg dry weight feed, 42 d) and found that these fish contained a high Cu concentration (liver: 727-1272 mg/kg) compared with the non-exposed controls (liver: 418 mg/kg). The authors also noted that there was an increase in the lipid content of the hepatocytes and a concomitant loss of sinusoidal space. The BSAF value for Cu was similar in O. niloticus that were collected in both lakes (Table 3) . Thus, the O. niloticus in Lake ITT must have accumulated Cu from the lake environment itself, for example, through lake water, sediment, and diet. A study by Norrgren et al. (2000) demonstrated that caged three-spot tilapia (Oreochromis andersonii) exposed to Kafue River water accumulated higher Cu concentrations (liver: 9700 ± 810 mg/kg dry-wt) downstream of the mining area compared with a locality upstream (Cu: 4700 ± 840 mg/kg dry-wt). The WHO maximum recommended intake level for Cu is 0.9-30 mg/day. Based on this value, the consumption of 0.7-22 g/day of liver from O. niloticus caught in Lake ITT would exceed the WHO recommended level (Demirzen and Uruc 2006, WHO 1993) . Given this, we believe that the high levels of Cu in these fish are likely to affect other animals in the food chain. Our results also suggest that the accumulation of Cu downstream of the mining areas along the Kafue River may also affect wildlife in the national parks.
The aquatic biota in Lake Kariba had higher concentrations of Cr, Ni, and Pb than in Lake ITT. We also observed a positive correlation between Cr and Ni in fish and crayfish from Lake Kariba. Cr and Ni compounds are commonly used as anti-fouling agents in marine paints (Diagomanolin et al. 2004) and Pb is often used in gasoline (Muohi et al. 2003 , Caliceti et al. 2002 . Given the increase in boat traffic on the lake and the recent increases in
Cr and Ni in Lake Kariba sediments we hypothesize that these heavy metals are derived from commercial fishing around, and on, Lake Kariba. Indeed, the number of boats fishing in the Kapenta (Limnothrissa miodon) fishery, the largest fishery on the lake, increased from 175 in 1994 to 313 in 1999 (Madamombe, 2002) . In addition, the catch of Kapenta also increased from 488 tons in 1974 to 17,974 tons in 1999 (Madamombe, 2002) .
Species difference of heavy metal accumulation in fish and crayfish in Lake ITT
Of the three species we sampled from Lake ITT, the liver of O. niloticus contained the highest concentrations of Cu (Figure 4) . Bowen (1980) reported that O. niloticus feeds on detritus in Lake Valencia, Venezuela. Moreover, Getachew and Fernando (1989) Figure 4 ). This is consistent with the other reports that heavy metal concentrations are generally inversely correlated with the trophic level (Andres et al. 2000 , Amundsen et al. 1997 . S. thumbergi typically preys on insects and smaller fish, such as the Streep-rower (Brycinus lateralis) (Choongo et al. 2005; Utsugi and Mazingaliwa 2002, Skelton 1993) , which have a lower total body load of Cu (whole animal: 4.0 mg/kg, Syakalima et al. 2001) . Taken together, these results suggest that the feeding habits of O.
niloticus resulted in greater exposure to Cu in Lake ITT, relative to C. quadricarinatus and S.
thumbergi.
The crayfish hepatopancreas had very high concentrations of Zn (Table 2, Figure 4) .
Moreover, the crayfish hepatopancreas contained much higher levels of Zn, Cu, Ni, and Co relative to Cd, Pb, and Cr (Table 2, Figure 3) . Cu is an essential element in the respiratory pigment (hemocyanin) of crayfish. Similarly, Zn is used in metalloenzymes and as an activator of other enzyme systems (e.g. carbonic anhydrase) (Alcorlo et al. 2006) . In some species, hemocyanins not only contain Cu, but also bind Zn (Bryan 1964 , Bryan 1967 .
Studies have also shown that crayfish (Orconectes hylas) accumulate higher concentrations of Ni due to the increased bioavailability in surface and pore waters . These authors also observed a significant positive correlation between the concentrations of Ni, Co, and Zn in crayfish (O. hylas) and in their food (detritus, micro-invertebrates, and stonerollers). Thus, the accumulation of Zn and Cu in hemocyanin and the feeding ecology of crayfish may explain the higher concentrations of these heavy metals.
We observed a negative correlation between Ni and the coefficient of condition (K) in hepatopancreas of crayfish from Lake ITT (Table 4) . This negative correlation is considered to be an indicator of sublethal/chronic toxic effects of Ni on C. quadricarinatus. Allert et al. (2008) observed an inverse correlation between survival in crayfish (O. hylas) and Ni concentrations in surface water, detritus, macro-invertebrates, and stonerollers during a 28 d in situ exposure. Interestingly, Mackevičienė (2002) reported that the exoskeleton of crayfish (Astacus astacus L.) contained substantial amounts of Ni relative to the hepatopancreas. The author also noted that the exoskeleton is involved in the absorption and excretion of Ni. Given this, we hypothesize that larger crayfish accumulate a greater amount of Ni in the exoskeletons than in the hepatopancreas. As the exoskeleton is shed on a regular basis this would explain the negative correlation between Ni concentrations and the coefficient of condition.
Biota-sediment accumulation factor (BSAF)
The BSAF values for Cu, Cd, and Zn were above 1.0 in both O. niloticus and C.
quadricarinatus. This indicates that these metals are readily bio-accumulated. Falusi and Olanipekun (2007) also reported that BSAF values for Cu, Cd, and Zn were higher than those for Ni and Pb in the tropical crab (Carcinus sp). Cadmium is known to be mobile in soils and available to plants (Alloway 1990 ). Thus, the herbivorous O. niloticus is more likely to accumulate higher concentrations of Cd relative to the lake sediment. Alcorlo et al. (2006) suggested that crayfish (Procambarus clarkii) could be used as bioindicator for Cd contamination based on their dose-and time-dependent accumulation of Cd. Taken together with our results, this suggests that the hepatopancreas of crayfish in Lake ITT and Lake Kariba may be used as an indicator of Cd contamination.
Generally, the affinity of metals for various soils is consistent with the value of the first hydrolysis constant of the cations: Cu (pK=7.7) >> Zn (pK=9.0) > Cd (pK=10.1) (Morera et al. 2001, Basta and Tabatabai 1992) . Furthermore, the BSAF values may be ranked in the following order in the earthworm: Cd >> Zn > Cu (Dai et al. 2004) . However, we noted a different order of accumulation (Cu > Cd > Zn) in O. niloticus and (Zn > Cd > Cu) C.
quadricarinatus. The feeding ecology of these two species likely explains these differences.
Both O. niloticus and C. quadricarinatus from Lake Kariba had significantly higher BSAF values for Ni and Pb than those from Lake ITT. This indicates that anthropogenic sources (e.g.
leaded petrol or anti-fouling paint) are the likely cause of heavy metal contamination in Lake Kariba.
Conclusion
We observed spatial variation in the accumulation of heavy metals between Lake ITT and Lake Kariba. The sediments and the herbivorous teleost O. niloticus accumulated very high concentrations of Cu in Lake ITT, located 450 km downstream of a mining area. This is most likely due to the discharge of Cu waste from the Copperbelt region. Conversely, the aquatic species that we sampled from Lake Kariba had higher concentrations of Cr, Ni, and
Pb. We believe that the contaminants in this lake were derived from the use of leaded petrol and Cr-Ni compounds in anti-fouling marine paints. We also noted significant differences in the accumulation of heavy metals among the three species (O. niloticus, S. thumbergi and C.
quadricarinatus) that are likely related to their feeding ecology, physiology, or metal sensitivity. The coefficient of condition (K) was negatively correlated with the Ni concentration in the hepatopancreas of the crayfish, suggesting that this species is sensitive to Ni toxicity. Interestingly, differences in BSAF rankings (Cu, Zn, and Cd) relative to the general order were observed in both O. niloticus and C. quadricarinatus. 
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